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Mammalian spermatogenesis involves drastic morphological changes leading to the development of the mature sperm. Sperm development
includes formation of the acrosome and flagellum, translocation of nucleus-acrosome to the cell surface, and condensation and elongation of the
nucleus. In addition, spermatogenic cell progenies differentiate as cohorts of units interconnected by intercellular bridges. Little is known about
the structural components involved in the establishment of conjoined spermatogenic cells and the mechanism of nuclear shaping of the male
gamete. We identified two isoforms of y-tubulin and found that the long isoform is predominantly expressed in testis, while the short isoform is
expressed in all tissues examined. We also found that y-tubulin forms intercellular bridges conjoining sister spermatogenic cells. In addition, y-
tubulin is a component of the perinuclear ring of the manchette, which acts on translocation and elongation of the nucleus. Furthermore, small
rings clearly distinct from the intercellular bridges, which might mature to perinuclear ring of the manchette in later stages of spermatogenesis,
were detected on the cell surface of round spermatids. These results suggest that y-tubulin is a component of two types of ring, the intercellular
bridges and the perinuclear rings, which may be involved in morphological changes of spermatid to mature sperm.
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A drastic morphological change of the cells occurs
during spermatogenesis: differentiation of spermatocyte
into mature sperm (Clermont et al., 1993; Fawcett et al.,
1971; Meistrich, 1993). This process includes the forma-
tion of spermatogenic cells connected by intercellular
bridges, the formation of an acrosome and a flagellum,
the translocation of nucleus-acrosome to the cell surface,
the condensation and elongation of the nucleus as somatic
histones are replaced by arginine-, lysine-rich protamines,
removal of the residual cytosolic bodies, and release of
mature sperm into the lumen of the seminiferous tubule.0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.01.026
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Japan.Although details of the molecular mechanism of spermato-
genesis are beginning to emerge, it is still unknown how
the spermatid nucleus achieves an elongated shape and
how spermatogenic cell progenies stabilize their conjoined
organization.
Three kinds of ring structure formed during mamma-
lian spermatogenesis have been recognized: intercellular
bridges, perinuclear ring of the manchette, and annulus
(Burgos and Fawcett, 1955; Clermont et al., 1993;
Fawcett and Phillips, 1969; Fawcett et al., 1959, 1971).
All these rings can be seen as membrane-associated dense
materials by electron microscopic analyses, and are
thought to play distinct roles in spermatogenesis. The
intercellular bridges form following incomplete cytokine-
sis, and are observed between sister cells of spermatogo-
nia, spermatocytes, and spermatids. The bridges provide
open channels of communication between adjacent cells.
Using the bridges, spermatogenetic cells can share cyto-
plasmic molecules and organelles among sister cells to
help synchronization of differentiation (Fawcett et al.,
1959; Weber and Russell, 1987). After meiosis, the
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post-meiotically expressed X-linked genes during sper-
miogenesis (Braun et al., 1989; Caldwell and Handel,
1991). The annulus is localized at the plasma membrane
at the site where the mitochondrial ensheathed mid-piece
of the tail becomes the principal piece (Fawcett and
Phillips, 1969; Fawcett et al., 1971).
The manchette is a microtubular structure that appears
transiently during spermiogenesis (Clermont et al., 1993;
Fawcett et al., 1971; Meistrich, 1993; Russell et al.,
1991). The perinuclear ring and inserted microtubular
mantle enveloping the spermatid nucleus form the man-
chettes during the round-to-elongating transition. The
manchette appears at the caudal region of the acrosome
and extends toward the distal cytoplasm, where a mito-
chondrial sheath surrounds the developing axoneme. The
manchette disappears when the elongation of the sperma-
tid nucleus has been established. Biochemical, electron,
and immunofluorescence microscopic analyses have de-
termined that the intact and fractionated microtubules of
the manchette contain the typical a- and h-tubulin
heterodimer, proteases, and components later found in
the outer dense fibers surrounding the axoneme (Hecht et
al., 1988; Rivkin et al., 1997; Mochida et al., 1998). At
the electron microscopic level, the perinuclear ring con-
sists of a scalloped ring margin associated with the
plasma membrane, a core with irregular density, and a
fuzzy density observed at the site where microtubules
attach to the ring (Fawcett et al., 1971; Rattner and
Olson, 1973; Russell et al., 1991). This structural com-
plexity presumably represents the participation of several
molecular components in its organization. The fuzzy
density region of the perinuclear ring is reminiscent of
the microtubule-organizing center (MTOC) observed in
the proximal and distal centrioles involved in the assem-
bly of the connecting piece and axonemal development.
It has been suggested that, because of its spatial locali-
zation and tight association with the spermatid nucleus,
the manchette/perinuclear ring plays a central role in the
shaping of the spermatid nucleus.
Three major members of the tubulin superfamily are
conserved widely among eukaryotic cells: a- and h-tubu-
lins, which are major components of microtubules, and g-
tubulin, which is localized in MTOC from which micro-
tubules emanate (Desai and Mitchison, 1997; Gelfand and
Bershadsky, 1991; Wiese and Zheng, 1999). Recently, new
members of the tubulin family, y- and q-tubulin, have been
identified and characterized (review by Oakley, 2000). y-
tubulin was first found in Chlamydomonas reinhardtii by
complementation of a uniflagellar mutant, uni3-1, which
had been created by insertional mutagenesis (Dutcher, 2001;
Dutcher and Trabuco, 1998). The mutant showed failure of
the assembly of triplet microtubules in basal bodies, which
might lead to failures of flagellar formation. The deletion of
y-tubulin was also studied in Paramecium using a gene-
specific silencing method (Garreau de Loubresse et al.,2001). This mutant lacked C-tubule of triplet microtubules
in all basal bodies, but there was no effect on ciliogenesis or
duplication of basal bodies. In mammals, y- and q-tubulins
were found from the human genome database (Chang and
Stearns, 2000), and immunofluorescence study showed
human y- and q-tubulin localize in the centrosome in
U20S human osteogenic sarcoma cells, but the patterns of
localization are distinct from each other and from that of g-
tubulin (Chang and Stearns, 2000). In the spermatid, y-
tubulin was localized at the perinuclear ring of the man-
chette, at the centriolar vaults and along the principal piece
of the sperm flagellum (Smrzka et al., 2000). Structural
models for the self-assembly and microtubule interactions of
g-, y-, and q-tubulin were postulated (Inclan and Nogales,
2001). Database search analysis also indicated that genes for
y- and q-tubulin could not be found within the genomes of
Saccharomyces cervisiae, Drosophila melanogaster, or
Caenorhabditis elegans.
In this report, we identified two isoforms of mouse y-
tubulin (long and short isoforms) and found the extremely
high expression of long isoform of y-tubulin in testes. By
immunohistochemical analyses, we found that y-tubulin
forms intercellular bridges in spermatocyte and spermatid
as well as perinuclear ring in spermatid. In addition, small
rings clearly distinct from the intercellular bridges, which
might mature to perinuclear ring of the manchette in later
stages of spermatogenesis, were detected on the cell
surface of round spermatids. We discuss the role of y-
tubulin on the drastic morphological changes during
spermatogenesis.Materials and methods
Isolation of cDNAs encoding mouse and human d-tubulin
A cDNA encoding mouse y-tubulin was incidentally
isolated from a subtractive cDNA library of 13.5-day fetal
liver as an unexpected by-product. The 5V and 3V ends of
mouse y-tubulin cDNA were confirmed by 5V and 3V RACE
method. Total RNA prepared from C57/BL6 mouse testis
was reverse-transcribed by SuperScript II (Life Technolo-
gies) with a primer (5V-GGCCACGCGTCGACTAGTAC-
TTTTTTTTTTTTTTTTT- 3V), and its complete cDNA was
isolated by PCR using KOD plus DNA polymerase (Toyobo)
with the primers, 5V-TTTGAACCGAACTGAAACTG-
CCGG-3V and 5V-GGCCACGCGTCGACTAGTAC-3V, or
with the primers, 5V-ACCTAGTTTGTGGCTCAG-3V and
5V-GGTGTTTCACCGTGTTAG-3V. Similarly, human full-
length y-tubulin cDNA was isolated from HeLa cells by
PCR with the primers, 5V-ATCAGAATTCGAATGTCGA-
TAGTGACAGTACAGC-3V and 5V-TAGCGAATTCTT-
AGGGTCCAAGACTACC-3V. The isolated cDNAs were
sequenced on both strands using an ABI 310 DNA sequencer
(Applied Biosystems). The accession numbers of mouse full-
length y-tubulin, its short form, and human y-tubulin in
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are AB024329, AB030837, and AB031043, respectively.
Northern blot analysis
Five Micrograms of polyA mRNA blotted on a nylon
membrane was hybridized with DIG-labeled 604-bp mouse
y-tubulin cDNA, which was amplified by PCR with primers
5V-GACAGCTCATTTCACTACCGCA-3V and 5V-CA-
ACTTGCTCCAACAATGCA-3V. The nylon membrane was
washed twice with 0.2  SSC (SSC: 0.15 M NaCl, 15 mM
sodium citrate, pH 7.0) containing 0.5% SDS at 60jC for 30
min, and incubated with anti-DIG antibody coupled to
alkaline phosphatase (Boehringer). The bands were detected
with CDP-Star chemiluminescent reagent (Boehringer).
Reverse transcriptase (RT)-PCR
Single strand cDNA was synthesized from 5 Ag of total
RNA from various mouse organs using SuperScript II
reverse transcriptase (Life Technologies) and oligo-dT prim-
er. To quantify two kinds of alternative spliced form of
mouse y-tubulin, PCR amplification was performed using a
sense primer in exon 5 (5V-GACAGCTCATTTCAC-
TACCGCAGA-3V) and an antisense primer in exon 9 (5V-
GGGTCCAAGACTACCATAAC-3V). The expected lengths
of the resulting PCR products corresponding to the two
splice variants were 630 bp (without exon 5b) and 723 (with
exon 5b) bp. The PCR (30 cycles) was carried at 94jC for
30 s, 65jC for 30 s, and 72jC for 1 min using Taq DNA
polymerase (Toyobo).Fig. 1. The amino acid sequences of mouse y-tubulin (long and short isoforms), hu
tubulins are shown in black boxes. Gray boxes indicate residues conserved in maPreparation of d-tubulin-specific antibody
The glutathione S-transferase (GST)-fused mouse y-tu-
bulin (amino acids 246 to 446) in pGEX-4T (Amersham
Pharmacia Biotech) was expressed in XL1-blue with 0.1
mM isopropyl h-D-thiogalactoside. The amino acid sequen-
ces of y-tubulin in this region have little homology to those
of a-, h-, and g-tubulin (less than 19%). The GST-y-tubulin
was purified by affinity chromatography on glutathione-
sepharose (Amersham Pharmacia Biotech), and used for
immunization of a rabbit. The polyclonal rabbit antibody
was affinity-purified with GST-y-tubulin coupled to NHS-
activated Sepharose (Amersham Pharmacia Biotech).
Immunofluorescence microscopic analysis
Mice (C57BL/6 or ICR, 8 weeks old) were perfused with
4% paraformaldehyde fixative (4% paraformaldehyde, 100
mM sodium phosphate buffer, pH 7.4) for 20 min at 4jC.
The testes were extracted, immersed in the same fixative for
20 min at 4jC, and then immersed in 30% sucrose solution.
For the cryosections, the testes were embedded in optimum
cutting temperature (OCT) compound (Tissue Tek.), and
frozen in dry ice. Six-micrometer-thick cryosections were
prepared, and thaw-mounted onto slide glass. For the cell
smear samples, the testes were minced and smeared on
coverslips. Cryosections and smear samples were permea-
bilized with 0.2% Triton-X100 in phosphate-buffered saline
(PBS) at 20jC for 15 min, incubated with 10% fetal bovine
serum (FBS) in PBS for 1 h at 20jC, and incubated with a
mixture of primary antibodies in PBS containing 10% FBSman y-tubulin, and Chlamydomonas y-tubulin. Residues conserved in all y-
mmalian y-tubulins. Double underline indicates tubulin-FtsZ signatures.
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were: rabbit anti-y-tubulin serum, 1:1,000; and mouse anti
a-tubulin antibody (Sigma), 1:50. The samples were rinsed
with PBS five times, and then incubated with a mixture of
secondary antibodies in PBS containing 10% FBS for 1 h at
20jC. The dilutions of secondary antibodies were: Cy3-
conjugated anti-rabbit antibody (Jackson Immuno Research
Laboratories), 1:20,000; and fluorescein isothiocyanate
(FITC)-conjugated anti-mouse antibody (Jackson Immuno
Research Laboratories), 1:5,000. The nuclei were stained by
TO-PRO3 (2 AM) or DAPI (200 ng/ml). The samples were
observed by a fluorescence microscope (Olympus) or a
confocal microscope (Zeiss, LSM 510).Fig. 3. Expression of y-tubulin. (A) Strong expression of mouse y-tubulin in
testis. Five micrograms of polyA mRNA isolated from various mouse
organs was probed with a DIG-labeled mouse y-tubulin-specific cDNA
fragment. The positions of 28S and 18S ribosomal RNA are shown on the
right. (B) Analysis of splicing patterns of y-tubulin transcripts in various
mouse organs by RT-PCR. The resulting PCR products were resolved by
1% agarose gel electrophoresis and visualized by ethidium bromide
staining. Long (723 bp) and short (630 bp) bands correspond to splice
variants with or without exon 5b, respectively. (C) Immunoblot analysis
with anti-y-tubulin antibody. Tissue extracts prepared from testis, spleen,
kidney, and lung were blotted after SDS-PAGE, and probed with anti-y-
tubulin antibody.Results
Isolation of two isoforms of mouse y-tubulin
The amino acid sequences of mouse and human y-
tubulins we isolated are aligned with that of Chlamydomo-
nas (Fig. 1). Mouse full-length (long isoform) y-tubulin,
which is a major form in testis, its short variant, which
deletes amino acids 257 to 287 of the full-length y-tubulin
and is slightly expressed in various organs including testis
(see below), human y-tubulin, and Chlamydomonas y-tubu-
lin consist of 486, 455, 452, and 532 amino acids, respec-
tively (Fig. 1). Only a short isoform could be isolated from
human tissues, and its sequence was confirmed to be
identical with the one reported previously (Chang and
Stearns, 2000). The characteristic insertion of 100 amino
acids in Chlamydomonas y-tubulin (amino acids 237 to 336)
does not exist in mammalian y-tubulins.
A search in the GenBank sequence database using the
BLAST program (Altschul, 1990) showed that a human
genomic sequence derived from PAC clone 1073_F_15
(accession number AC004686) contained human y-tubulin
gene consisting of 9 exons, and that a mouse genomic
sequence of PAC clone 23-467J12 (accession number
AL604063) included mouse y-tubulin gene consisting of 10
exons. Human PAC clone contains STS markers for humanFig. 2. Structure of mouse genomic y-tubulin gene. Dot lines show the possible al
shown on the right. Mouse y-tubulin of long isoform contains 31 amino acid inserti
The sequence of splicing junction of exon 5b is shown below. Exons are indicated
for y-tubulin.chromosome17q23.2, as well as ribosomal protein S6
kinase a-1 subunit gene, indicating that human y-tubulin
gene is in this region of chromosome 17. Similarly, mouse
y-tubulin gene consisting of 10 exons is in chromosome
11C. The insertion of 31 amino acids in mouse y-tubulin
long isoform (amino acids 257 to 287) corresponding to
exon 5b was not found in human genomic y-tubulin gene
(Fig. 2), suggesting that a long isoform does not exist in
human. The nucleotide sequences of the splicing junction
of mouse exon 5b, which is located between exon 5 and
exon 6, are consistent with the consensus sequence of the
splicing junction (Fig. 2), and therefore, it is likely that twoternative splicing patterns, and the structures of the mRNA for y-tubulin are
on between exon 5 and exon 6, and its insertion sequence is termed exon 5b.
by boxes and are numbered in bold type. Filled boxes show coding regions
Fig. 4. Confocal microscopic analysis of cryosections of mouse testes. Three-dimensional images of y-tubulin (green) and DNA (red) are shown. (A)
spermatids in step 6; (B) spermatids in step 8; (C) spermatids in step 10; (D) spermatids in step 1 and 13; (E) spermatids in step 15. Two types of ring: small
rings (arrowheads) and large rings (arrows) in spermatids are shown. Subsequent analyses indicated that the small rings are the intercellular bridges, and the
large ones are the perinuclear rings. T1–T16, spermatids at various steps in maturation (Russell et al., 1990). Scale bars represent 10 Am.
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ing event as shown in Fig. 2.
Expression of d-tubulin in testis
To determine which tissues express long isoform as well
as short isoform of y-tubulin, we performed Northern blot
analysis using mouse y-tubulin cDNA fragment of 604 bp,
which does not cross-hybridize to the other tubulin familyFig. 5. Localization of y-tubulin at the intercellular bridges of spermatocytes an
spermatids, and (D) condensed spermatids are stained with anti-y-tubulin ant
microscopy (Red). Upper panel shows differential interference microscopic imag
Arrowheads and arrows indicate intercellular bridges and perinuclear rings, res
Scale bars represent 10 Am.members, as a probe. A remarkably high level of y-tubulin
transcripts was observed in testis, while a low level of
expression was seen in all organs examined (Fig. 3A),
which is consistent with previous results (Smrzka et al.,
2000).
Both long and short isoforms of y-tubulin were detected
as a single band in Northern blot. Therefore, we carried out
semi-quantitative RT-PCR analysis and found that the long
isoform was expressed in testis (Fig. 3B). The short isoformd spermatids. (A) Intercellular bridges of spermatocytes, (B and C) round
ibody and the three-dimensional views were reconstructed by confocal
es. Lower panels indicate the side views corresponding to middle panels.
pectively. Rings indicated by green arrowheads are pre-perinuclear rings.
Fig. 6. Localization of y-tubulin at perinuclear ring of mouse spermatids. (A)
A round spermatid at step 8 and (B) a condensed spermatid at step 10 was
scanned by a confocal microscope, and the three-dimensional images were
reconstructed. The images of perinuclear ring (anti-y-tubulin, red),
perinuclear mantle of microtubules (anti-a-tubulin, green) and DNA (purple)
are shown. Lateral views of the three-dimensional images are shown in upper
panels, and the top view in lower panels. Scale bars represent 5 Am. (C) Triple
stainings of a spermatid with monoclonal antibody OBF13, y-tubulin
antibody and DAPI. Green, acrosomal cap stained with anti-OBF13
antibody; red, perinuclear ring stained with anti-y-tubulin antibody; and
blue, DNA stained with DAPI.
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was weakly expressed in most organs examined (Fig. 3B).
Rabbit antiserum against mouse long y-tubulin was
prepared, and the anti-y-tubulin-specific antibody was puri-
fied by antigen affinity chromatography. Immunoblot anal-
ysis of several tissues with the purified antibody showed
that both long and short y-tubulins were actually expressed
in testis, and the short form was expressed in all tissues
examined, testis, spleen, kidney, and lung (Fig. 3C). In lung,
the long isoform was weakly expressed as expected from the
result of RT-PCR analysis.
d-Tubulin is a component of two types of ring structure in
spermatids
Immunohistochemical analyses were performed in cry-
osections of adult mouse testes. Various differentiation
stages of seminiferous tubules were examined, and two
types (large and small) of ring structure were clearly stained
with the purified anti-y-tubulin antibody during maturation
of spermatocytes and spermatids (Fig. 4). These rings could
be stained only with the antiserum or purified specific
antibody, but not with the pre-immune serum or antigen-
absorbed antiserum (data not shown). Small rings were seen
in both round (Figs. 4A–D, arrowheads) and condensed
spermatids (Fig. 4E, arrowheads). These small rings were
also observed in spermatocytes (see Fig. 5A) but not in
mature spermatozoa (see Fig. 7I). Large rings were observed
only around the nuclei of spermatids at steps 8–13 in
maturation (Figs. 4B–D, arrows). At step 15 in maturation,
the tip of the nucleus was stained and no ring structure was
detected (Fig. 4E, arrows).
d-Tubulin is a component of intercellular bridges
To characterize further these two types of ring structure,
mouse testicular cells were mechanically separated, spread
on glass slips, and then stained with anti-y-tubulin-specific
antibody (Figs. 5–7). Three-dimensional images recon-
structed by confocal microscopic analyses clearly demon-
strated that the small rings were intercellular bridges of
spermatocytes (Fig. 5A, arrowheads) and of immature and
mature spermatids (Figs. 5B–D, arrowheads), which con-
nect the divided sister cells to each other. Thus, we con-
cluded that y-tubulin is one of the major components of the
intercellular bridges.
d-Tubulin is a component of both pre-perinuclear rings and
perinuclear rings
Besides intercellular bridges, similar small rings clearly
distinct from the intercellular bridges were also observed on
the cell surface of round spermatids around step 6 in
maturation (Fig. 5C, green arrows). These rings were not
localized in the junctions of the cells, and were clearly
distinct from the intercellular bridges. Therefore, we have
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precursors of the perinuclear ring of the manchette in later
stages of spermiogenesis (Fig. 5D, arrows) and have tenta-
tively designated them pre-perinuclear rings.
Double stainings of the spermatids at step 8 (Fig. 6A, left
panel) and step 10 (Fig. 6B, left panels) with anti-a-tubulin
and y-tubulin antibodies clearly demonstrated that the large
rings were perinuclear rings, which were exactly localized at
the edge of the perinuclear mantle of the manchette. Co-
stainings of the cells with anti-y-tubulin and of DNA also
confirmed that y-tubulin forms perinuclear rings of mouse
spermatids (Figs. 6A, B, right panels).
We also stained the cells with both anti-y-tubulin
antibody and monoclonal antibody OBF13, which specif-
ically recognizes the acrosome of mouse spermatozoa
(Okabe et al., 1986). As shown in Fig. 6C, the perinuclear
ring of the manchette stained with anti-y-tubulin antibody
was clearly seen between the acrosome and the perinuclear
mantle of the manchette in condensed spermatids.
Perinuclear rings during spermiogenesis
Immunohistochemical analysis of spermatids at various
stages of maturation (Figs. 4, 6, 7) revealed that the
perinuclear ring appeared around step 8 of the develop-
mental stage of mouse spermatids (Fig. 7A) and disap-Fig. 7. Morphological change of the manchette visualized by anti-y-tubulin and a
spermatids visualized by a fluorescent microscope are arranged in order of their d
photograph. Red, y-tubulin; green, a-tubulin; and blue, DNA.peared at step 16 (Fig. 7H). At step 8, y-tubulin localizes
in the perinuclear ring before the microtubular mantle of
the manchette starts to appear (Figs. 7A, B), suggesting a
role of y-tubulin in organization of the microtubular
mantle. In combination with the condensation of spermatid
nucleus, the perinuclear ring became a crescent-shaped
structure (Figs. 4C, 6B and 7C–G), upper panels), and
the tip region was dissociated from the perinuclear mantle
of microtubules (white lines in Figs. 7D–G, upper panels).
At step 15–16, y-tubulin was concentrated at the forefront
of the nucleus (Figs. 4E, 7H, upper panels). In spermato-
zoa of the testis, y-tubulin completely disappeared (Fig. 7I,
upper panel).Discussion
Here, we report that y-tubulin is a component of the
intercellular bridges in mouse spermatocytes and spermatids
as well as of the perinuclear ring of the manchette in
spermatids. y-tubulin was not detected in the annulus of
the sperm tail. Fig. 8 is a summary diagram illustrating the
localization of the intercellular bridges and perinuclear ring
of the manchette during meiotic prophase I and spermio-
genesis. From our observation, we postulate that y-tubulin
plays an essential role in the formation of the intercellularnti-a-tubulin antibodies. (A–I) The indirect immunofluorescent images of
evelopmental stages. The stage of each spermatid is numbered under each
Fig. 8. Schematic representation of structural changes observed in spermatocytes and spermatids during spermatogenesis. The localizations of y-tubulin (red)
and a-tubulin in microtubules (green) in spermatocytes, spermatids, and spermatozoa are shown. Rings in orange indicate the annulus. (A) The y-tubulin forms
intercellular bridges of spermatocytes. (B) The y-tubulin also forms intercellular bridges of spermatids. The intercellular bridges remain until the end of
spermiogenesis. (C) The pre-perinuclear rings appear on the plasma membranes, and grow into a large perinuclear ring. (D) The perinuclear ring wraps the
nucleus, and then the manchette appears. (E) Elongation of nucleus. Nucleus is condensed, and the perinuclear rings become slender. (F) The perinuclear rings
and manchette disappear, and the y-tubulin condenses at the tip of the nucleus. (G) Mature sperm shed the residual cytoplasm (residual body). (H) High-
magnification view of an illustration of a spermatid at step 8 is shown with the location of three rings (intercellular bridges, perinuclear ring, and annulus) that
associate with the plasma membrane.
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involved in the morphological changes of spermatids during
spermatogenesis. The intercellular bridges are formed in
spermatogonial progenies and present until the completion
of spermiogenesis. The pre-perinuclear rings arise in the
proximity of the intercellular bridges but not at the junctions
of the sister cells at step 5 or step 6 in maturation. The
perinuclear ring has been thought to appear when the
nucleus translocates to the plasma membrane (Russell et
al., 1991). However, the pre-perinuclear rings, with sizessimilar to those of intercellular bridges, may be initially
formed on the plasma membranes but not on either the
nucleus or acrosome (Fig. 5C), and they may grow into
large perinuclear rings, which may in turn trigger the
attachment of the plasma membrane to the nucleus-acro-
some in the spermatid at steps 7–9. The perinuclear rings
fasten the plasma membrane to the nucleus, and then the
microtubular mantle envelops the spermatid nucleus at steps
7–9. The perinuclear rings then elongate in correlation with
the shaping of this nucleus during steps 10–13. In this way,
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of the intercellular bridges between members of the same
spermatogenic cell progeny and the organization of the
perinuclear ring of the manchette, which in turn may
contribute to the morphological changes of spermatid to
mature sperm during spermatogenesis. Further extensive
studies are required to confirm our hypothesis.
During spermiogenesis, two tubulin-containing structures
are assembled: the manchette and the axoneme. The distal
centriole is the MTOC of the flagellum in spermatid, and the
perinuclear ring can be regarded as the MTOC of the
manchette (Fawcett et al., 1971; Rattner and Olson, 1973).
The g-tubulin is one of the essential components of MTOC,
but it was reported that pericentriole material (PCM), but
not the perinuclear ring of the manchette could be stained
with anti-g-tubulin antibody (Fouquet et al., 1998). Further-
more, in Chlamydomonas, y-tubulin was reported to be
essential for duplication of the flagellum as well as forma-
tion of triplet microtubules in the centriole (Dutcher and
Trabuco, 1998). In contrast, however, our findings suggest
that mouse y-tubulin plays a critical role in organization of
intercellular bridges of spermatocytes and of spermatids, as
well as perinuclear ring of the manchette, but not of the
PCM region in spermatids.
The finding of Chlamydomonas and mammalian y-tubu-
lin showed the presence of a fourth subfamily of the tubulin
superfamily. The distribution and the functions of y-tubulin
are clearly distinct from other tubulins. In mammals, y-
tubulin is ubiquitously expressed in various tissues at low
level, and human y-tubulin is localized to centrosomes in
U20S cells (Chang and Stearns, 2000). It was also reported
that mouse y-tubulin was localized both in cytoplasm and
nucleus and was not localized in centrosomes except mitosis
in C2 myoblasts (Smrzka et al., 2000). These reports
suggest a general role of y-tubulin in somatic cell function.
On the other hand, however, it was described that y-tubulin
was localized at the perinuclear ring of the manchette in the
spermatid (Smrzka et al., 2000). We demonstrated here the
high-level expression of two isoforms of y-tubulin in testis,
and localization of the protein to intercellular bridges as well
as perinuclear ring of spermatogenetic cells. Both ring
structures transiently and specifically appear only during
spermatogenesis, suggesting that one of the most important
roles of mammalian y-tubulin is sperm production and that it
forms two kinds of specific ring structure.
We also found that forced-expression of y-tubulin (long
isoform) in COS7 or HeLa cells did not result in the
formation of ring structures such as perinuclear rings (data
not shown). It was reported that keratin 9 is a component of
the perinuclear ring (Mochida et al., 2000). Thus, it is likely
that other accessory proteins are necessary to form these
unique ring structures on the membranes, and identification
of all components of these rings is required to understand
the role of the rings during spermatogenesis.
In Drosophila, female gametogenic cell progenies are
connected by the ring canals containing actin and twoaccessory proteins, hts and kelch (Cooley, 1998; Robinson
and Cooley, 1997; Yue and Spradling, 1992). hu-li tai shao
(hts) is a homologous protein of adducin, a cytoskeletal
protein that can bind and control F-actin assembly (Yue and
Spradling, 1992). kelch is thought to cross-link actin fila-
ments (Robinson and Cooley, 1997). Recently, one of the
substrates of the Src tyrosine kinase family, Tec tyrosine
kinase, was found to associate with the ring canals in the
Drosophila ovarian follicle and was regarded as essential for
formation of the ring canals (Guarnieri et al., 1998; Roulier
et al., 1998). Very recently, Orbit/Mast, the CLASP ortho-
logue of Drosophila, has been recognized to be associated
with ring canals (Mathe et al., 2003). In contrast to Dro-
sophila, little is known about the structure of ring canal-like
structures in mammals. It is of interest that mammalian y-
tubulin is involved in the formation of intercellular bridges,
since y-tubulin is related to the microtubule system and most
proteins found in ring canals/intercellular bridges have been
related to actin networks such as actin (Cooley, 1998;
Russell et al., 1987), anillin (Field and Alberts, 1995; Hime
et al., 1996), septins (Hime et al., 1996), hts, kelch, a-
spectrin (de Cuevas et al., 1996), and filamin (Li et al.,
1999; Sokol and Cooley, 1999). Recently, citron, which is a
kinase-controlled by Rho GTPase, was found to locate in
the contractile rings of HeLa cells during cytokinesis
(Madaule et al., 1998). The Rho GTPase is also known to
control actin structures in mammalian cells (Hall, 1998;
Narumiya, 1996). The possible involvement of these cyto-
kinesis-regulated proteins and the mammalian homologues
of the above-mentioned Drosophila proteins should be
studied to understand the mechanism of mammalian inter-
cellular bridge formation, and to learn the detailed molecular
mechanism of spermatogenesis in mammals.Acknowledgments
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